Objective: Nutrition during critical periods in early life may increase the subsequent risk of obesity, hypertension and metabolic diseases in adulthood. Few studies have focused on the long-term consequences of poor nutrition during the suckling period on the susceptibility to developing obesity when exposed to a palatable cafeteria-style high-fat diet (CD) after weaning. Design: This study examined the impact of early undernutrition, followed by CD exposure, on blood pressure, hormones and genes important for insulin sensitivity and metabolism and skeletal muscle mRNA expression of adiponectin receptor 1 (AdipoR1), carnitine palmitoyl-transferase I (CPT-1), cytochrome c oxidase 4 (COX4) and peroxisome proliferator-activated receptor a (PPARa). Following normal gestation, Sprague-Dawley rat litters were adjusted to 18 (undernourished) or 12 (control) pups. Rats were weaned (day 21) onto either palatable CD or standard chow. Results: Early undernourished rats were significantly lighter than control by 17 days, persisting into adulthood only when animals were fed chow after weaning. Regardless of litter size, rats fed CD had doubled fat mass at 15 weeks of age, and significant elevations in plasma leptin, insulin and adiponectin. Importantly, undernutrition confined to the suckling period, elevated circulating adiponectin regardless of post-weaning diet. Blood pressure was reduced in early undernourished rats fed chow, and increased by CD. Early undernutrition was associated with long-term elevations in the expression of AdipoR1, CPT-1, COX4 and PPARa in skeletal muscle. Conclusion: This study demonstrates the important role of early nutrition on body weight and metabolism, suggesting early undernourishment enhances insulin sensitivity and fatty-acid oxidation. The long-term potential benefit of limiting nutrition in the early postnatal period warrants further investigation.
Introduction
The prevalence of obesity, particularly childhood obesity, is increasing worldwide. 1 Obesity is associated with inflammation and increased risk of diseases such as type II diabetes, hypertension, chronic heart and renal disease. 2, 3 Lifestyle factors undoubtedly contribute to the incidence of obesity, however evidence from epidemiological studies suggest that the 'programming' of obesity may occur following exposure to adverse environments during development. 4, 5 Animal models are important in defining critical periods in development that predispose offspring to obesity. The suckling period of rodents is a particularly important period of development, whereby appetite, blood pressure and metabolism may be programmed. One classical model used to investigate the effect of early undernourishment is the neonatal manipulation of litter size. 6 Increasing the number of pups per mother to 18-20 leads to an early decrease in body weight and fat mass compared with a normal litter of 10-12 pups. 6, 7 Dams of large litters produce greater quantities of milk with lower fat and energy compositions, but unaltered protein composition. 8 Nutritional status during critical periods of early life is an important determinant for normal development and maturation of metabolic and endocrine systems. The impact of early undernutrition on skeletal muscle is not well known. Protein synthesis in immature muscle, unlike mature muscle, is highly sensitive to acute changes in food intake, and the resulting fluctuation in plasma insulin concentrations. 9 Skeletal muscle is implicated in the pathogenesis of insulin resistance and type II diabetes as it is the principal site for glucose and fatty-acid oxidation. 10 Fatty-acid oxidation occurs in the mitochondria through the process of b-oxidation, where carnitine palmitoyl-transferase I (CPT-1) is the rate-limiting step for the entry of fatty acids into the mitochondria. 11 CPT-1 mRNA expression can be affected by nutritional states, and both fasting and fat feeding increase its expression. 12 Many circulating hormones secreted by white adipose tissue (WAT) including adiponectin 13, 14 and leptin 15, 16 can stimulate fatty-acid oxidation and glucose uptake. Undernutrition in early life may have long-lasting effects on the regulation of these hormones. Plasma adiponectin concentrations are inversely related to adiposity, and are decreased in patients with obesity, 17 insulin resistance 18 and type II diabetes. 19 Adiponectin is a key regulator of insulin sensitivity and energy metabolism, 18 promoting the phosphorylation and activation of AMPK in skeletal muscle and liver, 20 following binding to cell surface receptors adiponectin receptor 1 (AdipoR1) and adiponectin receptor 1 (AdipoR2). 21 Administration of adiponectin in mice increases fatty-acid oxidation in muscle and leads to a reduction in plasma free fatty acids, triglycerides and glucose. 22 Leptin is a cytokine produced in proportion to fat mass in both animals 23 and humans. 24 It acts as a satiety signal in the central nervous system via the leptin receptor (Ob-Rb), primarily in the mediobasal hypothalamus, reducing appetite and increasing energy expenditure. 25 In addition to its regulatory effects on appetite, leptin can elevate blood pressure by increasing sympathetic nervous activity when administered centrally 26 and peripherally. 27 Hence, changes in circulating leptin and adiponectin caused by altered nutrition may have long-term impacts on appetite, energy expenditure and blood pressure. It is suggested that where nutrition is considerably different from that predicted during development, the risk of obesity and adult disease is increased. [28] [29] [30] Hence we examined the impact of caloric excess following early energy restriction during the suckling period of rats, on metabolic and cardiovascular consequences of obesity. We focused on key markers of adipogenesis and skeletal muscle energetics, examining the expression of genes important for insulin sensitivity and the metabolism of fatty acids such as CPT-1, peroxisome proliferator-activated receptor-a (PPARa), cytochrome c oxidase 4 (COX4) and AdipoR1 in skeletal muscle as well as the expression of adiponectin, leptin and CPT-1 in WAT.
Methods

Animals
Experiments were performed on Sprague-Dawley rats maintained under controlled light (0600-1800 hours) and temperature (20±1 1C) conditions. Six female rats were mated and allowed free access to standard laboratory chow (GR2, Barastock, Australia) and water. On day 1 after birth, male and female pups of similar body weight were adjusted across two litters of 18 to induce early postnatal undernutrition (undernourished litter (UL)) and two litters of 12 representing normal nourishment (control litter (CL)). Although the majority of pups stayed with their mother, pups were distributed between the dams that littered on the same day. Fostering of pups did not lead to any adverse effects. Body weight of pups was monitored twice a week. After weaning (day 21), male pups of each litter size were divided into two dietary groups of similar body weight within the litter size. The control group comprised pups from the CL fed standard chow (3.54 kcal g
À1
, 12% calories as fat, 22% protein, 66% carbohydrate (CC), n ¼ 10), whereas the remaining CL pups were presented with a palatable cafeteria-style high-fat diet (CD) (4.32 kcal g À1 , 32% calories from fat, 18% protein, 50% carbohydrate (control CD (CCD)), n ¼ 10). The CD consisted of modified laboratory chow containing sweetened condensed milk and lard, which was supplemented with highly palatable cafeteria-style foods such as meat pies, pasta and cakes as described previously. [31] [32] [33] The UL rats were divided in the same manner, with half of the pups receiving standard chow (UC; n ¼ 13) and the other half receiving CD (UCD; n ¼ 13). The percentage of fat in the diet was calculated from the nutritional information available for each product and the amount in grams consumed by the animals. This diet has previously been shown to induce obesity in rats. 33 All animals were housed 2-3 per cage after weaning, and body weight and food intake were monitored weekly. All procedures were approved by the Animal Experimentation Ethics Committee of the University of Melbourne.
Experimental protocol Plasma and tissue collection. Blood samples (0.3 ml) were obtained from nonfasted rats at 4, 8 and 12 weeks of age from the tail vein of previously warmed, gently restrained rats. Animals became accustomed to the procedure and did not show any outward signs of stress. At 15 weeks, cardiac blood was obtained from deeply anesthetized nonfasted rats (100 mg kg
, i.p. pentobarbitone sodium), centrifuged (12 000 r.p.m., 25 1C, 10 min) and the separated plasma stored at À20 1C for subsequent determination of plasma adiponectin, leptin and insulin using commercially available radioimmunoassay kits (Linco, St Charles, MO, USA).
Following blood collection, the left retroperitoneal white adipose tissue (RpWAT), testicular WAT and interscapular brown adipose tissue (iBAT) were removed and weighed.
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RpWAT and gastrocnemius muscle were immediately frozen in liquid nitrogen for subsequent preparation of mRNA. Heart, liver, kidney, thyroid and thymus were dissected and weighed. The length of the right tibia was measured as an additional growth marker.
RNA extraction and real-time polymerase chain reaction. Total cellular RNA was extracted using a modification of the phenol/chloroform extraction, isopropanol precipitation protocol, using the TŌ TALLY RNA Kit (Ambion Inc., Austin, TX, USA). RNA quality and concentration was determined using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). First-stranded cDNA was generated from 0.5 mg total RNA using the AMV RT kit (Promega, Madison, WI, USA). Real-time polymerase chain reaction (Rt-PCR) was performed using SYBR green and the GenAmp 7500 sequence detection system (Applied Biosystems, Foster City, CA, USA). Primers were designed using Primer Express software package version 3.0 (Applied Biosystems) from gene sequences obtained form GeneBank (see Table 1 for details).
Cyclophilin was used as a housekeeping gene, and no changes in its expression were observed.
Blood pressure measurement. Blood pressure measurements were taken at 7, 10 and 15 weeks of age in conscious animals by tail-cuff pulse plethysmography using a pneumatic pulse transducer (SDR Clinical Technology) and MacLab data acquisition program. Rats were prewarmed by placing them under a heat lamp set at 37 1C for 5 min. The average of three to five readings of systolic blood pressure (SBP) was used.
Statistics. Results are expressed as mean ± s.e.m. Distribution of data was analyzed by D'Agostino and Pearson's omnibus normality test. Data was square root or logarithm transformed before analysis if the data was not normally distributed. Body weight was analyzed by two-way analysis of variance (ANOVA) with repeated measures, followed by post hoc least-significant differences tests (StatView). Organ weights, fat mass, plasma adiponectin, leptin and insulin, mRNA levels and blood pressure were analyzed by two-way ANOVA followed by post hoc Bonferonni tests (GraphPad Prism 4.0). Po0.05 was considered significantly different. mRNA expression in muscle and RpWAT was transformed before statistical analysis. Correlation between AdipoR1 and CPT-1 was assessed by Pearson's correlation.
Results
Effect of early postnatal undernutrition on body weight
On day 1 of life, rat litters were adjusted into large (18, undernourished) and control (12) litter groups with similar starting body weights. Pups from ULs became significantly lighter than pups from control litters by 17 days of age and remained significantly lighter until weaning at 21 days of age (46.1 ± 1.1 vs 54.0 ± 1.2 g, Po0.01; Figure 1a ), a difference of 15%.
Effect of post-weaning diet on body weight
At weaning, rats were placed on either a chow or palatable CD. The caloric intake of rats on CD was double that of chow-fed littermates for the whole feeding period; data are shown for week 15 (Po0.001; Table 2 ), and there was no effect of litter size. Regardless of pre-weaning nutrition, CD-fed rats gained more weight compared with chow-fed littermates from 8 weeks of age (Po0.05; Figure 1b ). No significant difference in body weight was observed between CCD and undernourished CD (UCD) animals. However, when weaned onto a chow diet, previously undernourished rats fed chow (UC) gained weight at a lower rate, becoming significantly lighter than control rats fed chow (CC) from 12 weeks of age (Po0.05; Figure 1b ). All rats had a period of rapid growth in the week after weaning (3-4 weeks), and this growth was greater in rats from ULs, and most pronounced in UCD rats (Po0.01; Figure 1c ). After 5 weeks, no difference in specific growth rate was observed between groups, which remained similar for the remainder of the study. Table 2 ), however this difference did not remain significant when adjusted for body weight (Table 3) . Undernourished animals fed CD had a lower RpWAT mass in comparison to controls fed CD at 15 weeks of age, however this did not remained significant when adjusted for body weight. Rats fed CD, regardless of their early nutritional intervention, had 2-3 times the fat mass of chow-fed animals and this remained significantly elevated when adjusted for body weight (Po0.001; Table 3 ). Organ masses including the atria and ventricle, thymus, liver and thyroid were also significantly elevated in the CD groups.
Plasma hormones
Plasma insulin levels were elevated in rats from ULs, regardless of diet, 1 week after weaning, (4 weeks of age, Po0.05; Figure 2a ) and this may reflect the altered growth rate. However, these changes did not persist to 15 weeks of age. The CD was associated with a doubling of plasma insulin at the completion of the study (Po0.001).
Circulating adiponectin levels were significantly elevated in UC rats compared with CC rats at both 8 and 15 weeks of age (Figure 2b ). The CD elevated plasma adiponectin concentration at 8 and 15 weeks of age in both litter size groups.
Plasma leptin levels were not affected by early undernutrition in chow-fed rats (CC vs UC) at any time tested. As expected, the CD caused significant (Po0.001) elevations in plasma leptin levels that was observed 1 week following the onset of CD (age 4 weeks) in both litter groups; however, under-nourished rats from large litters had a blunted increase in plasma leptin at 4 and 8 weeks when fed a CD (Figure 2c ). mRNA expression in the gastrocnemius muscle at 15 weeks of age To further investigate the changes in metabolic markers, Rt-PCR was used to determine mRNA levels of Adipo-R1, CPT-1, COX4 and PPARa, in the gastrocnemius muscle of rats at 15 weeks of age. We observed that mRNA expression of Adipo-R1 was elevated in undernourished rats fed a CD in comparison to control (Figure 3a, UCD vs CCD) . CPT-1, COX4 and PPARa mRNA expression was elevated in undernourished rats compared with control rats, regardless of their diet after weaning (Po0.05; Figures 3b, c and d,  respectively) . No significant changes were observed in AdipoR2 expression (data not shown). The expression of CPT-1 correlated with the expression of AdipoR1 within litter groups (CL r ¼ 0.87, Po0.001; UL r ¼ 0.96, Po0.001), and the CD had no impact of the levels of mRNA expression for any gene analyzed. 
Po0
.01, significant early postnatal nutrition effect (CL vs UL). Body weight (b) and specific growth rate (c, DBW/ BW) after weaning of rats from control litters fed chow (CC, J; n ¼ 10), control litters fed a cafeteria diet (CCD, K; n ¼ 10), undernourished litters (ULs) fed chow (UC, &; n ¼ 13) and from ULs fed a cafeteria diet (UCD, '; n ¼ 13). Results are expressed as mean±s.e.m. Data were analyzed by two-way ANOVA with repeated measures followed by post hoc least-significant difference tests. Early undernutrition elevates plasma adiponectin LJ Prior et al mRNA expression in RpWAT at 15 weeks of age In WAT, the expression of adiponectin was significantly elevated in undernourished animals fed chow compared with CD-fed littermates, and control chow animals UCD (Po0.05; Figure 4a ). There was no difference in the expression of CPT-1 (Figure 4b) , leptin or the leptin receptor in RpWAT between groups (data not shown).
Systolic blood pressure SBP of undernourished rats fed chow was reduced in comparison to control rats at 7 and 10 weeks of age (Po0.05; Figure 5 ), however this difference did not persist to 15 weeks of age. Undernourished rats fed CD had significantly elevated SBP at all time points compared with chow-fed littermates. Exposure to CD did not significantly elevate SBP in the control litter group.
Discussion
The present study focused on the long-term impact of undernutrition during lactation induced by increasing litter size, and the subsequent response to caloric excess induced by CD. As expected, increasing litter size restricted growth during the suckling period, leading to a lower body weight. Furthermore, rats undernourished during suckling maintained this lower body weight trajectory when fed a low-fat chow diet after weaning and had a significantly diminished tibia length at 15 weeks. Hence, undernutrition during suckling had a long-term impact on the growth of chow-fed rats. However, the molecular mechanism mediating this phenotype is not fully understood. This study demonstrated for the first time that undernutrition confined to the suckling period in rats elevates circulating levels of the insulin sensitizing hormone adiponectin, regardless of diet after weaning. We also observed elevations in AdipoR1, Early undernutrition elevates plasma adiponectin LJ Prior et al CPT-1, COX4 and PPARa mRNA expression in skeletal muscle. These novel findings demonstrate a molecular mechanism that links undernutrition during suckling to an altered metabolism and may explain, in part, why animals remain smaller as adults.
Early postnatal undernutrition had a major impact on adiponectin and its receptors. Adiponectin administration decreases plasma glucose and nonesterified fatty-acid levels, 22 whereas increasing fatty-acid utilization in muscle. 34 The modest elevation of plasma adiponectin in rats undernourished in early life regardless of their postweaning diet suggests a protective effect of this intervention. Furthermore, in rats fed chow, adiponectin mRNA expression in RpWAT was elevated in rats that were undernourished and AdipoR1 expression was elevated in skeletal muscle from animals that were undernourished during the suckling period and then fed a CD after weaning. Reduced adiponectin sensitivity 35 and decreased AdipoR1 and AdipoR2 expression have been reported in obesity, along with the development of insulin resistance. 36 Fatty acids are critical determinants of insulin resistance and we investigated the expression of CPT-1, which contributes to the utilization of energy and fatty-acid metabolism by increasing mitochondrial lipid oxidation. 11 CPT-1 expression was elevated in rats from ULs, regardless of their diet after weaning, suggesting that there may be some long-term effects of early undernourishment on fatty-acid oxidation and metabolism. Elevated CPT-1 expression has also been shown in 21-day-old rats that were growth restricted in late utero development. 37 In contrast, a recent study found that CPT-1 levels decreased in 8-month-old sheep that were undernourished during early to mid gestation, 38 indicating the timing of undernourishment, or species examined, may differentially affect the expression of CPT-1. PPARa has been proposed to be involved in lipid and carbohydrate metabolism. 39, 40 Rats undernourished during postnatal development had elevated expression of PPARa as well as the oxidative enzyme COX4 in skeletal muscle. Taken together, these results suggest that rats undernourished during suckling may have a greater ability to oxidize fatty acids, utilize glucose and increase insulin sensitivity.
A previous study has shown that rats from ULs have a normal glucose tolerance despite a blunted insulin response, suggesting increased insulin sensitivity in this group. 41 An increased capacity for fatty-acid oxidation may contribute to the decreased body weight observed in the undernourished animals. Hence, consistent with a growing body of literature, it is likely that the early postnatal period in rodents is a critical period in determining insulin sensitivity and metabolic function. Rapid growth during infancy in humans is associated with an increased risk of obesity. 28 Such growth has been termed 'catch-up growth' and is characteristic of children born small for gestational age. Hence, factors that signal and regulate postnatal catch-up growth may contribute to the programming of obesity and related diseases. This work examined the Early undernutrition elevates plasma adiponectin LJ Prior et al effect of short-term undernutrition followed by long-term over-nutrition by subjecting animals to a CD after weaning. Undernourished rats fed a CD after weaning had a period of rapid growth during the first week after weaning. However, despite this period of increased growth, early undernourished rats fed a CD had a similar increase in body weight compared with control. The timing of the growth restriction appears critical as previous studies indicate that growth restriction during gestation followed by catch-up growth during suckling can increase the risk of obesity in rodents, 30, 42 whereas normal gestation but restricted nutrition during suckling reduces the risk of obesity. 6, 7, 42 From the current study, it is clear that growth restriction during the suckling period of rodents leads to long-term decreases in body weight when fed low-fat chow diet into adulthood. Early undernutrition elevates plasma adiponectin LJ Prior et al Early growth and nutrition can influence adult blood pressure in both rodents and humans. In our hands undernourished rats fed chow had a lower blood pressure compared with control animals at 7 and 10 weeks of age. However, at 14 weeks of age no difference was observed between CC and UC animals. The mechanism underlying the lower blood pressure in undernourished rats remains unclear and requires further study. Previous studies have shown that rats undernourished during the suckling period have fewer nephrons, 43 however this would be expected to be associated with an increased rather than decreased risk of hypertension. Obesity associated with the CD caused an elevation in blood pressure in rats from both litter sizes at the completion of the study, but only reached significance in rats from UL. Hence previously undernourished rats from large litters may be more susceptible to developing hypertension when exposed to a CD compared with control offspring. This finding is of interest given recent human data showing provision of a nutrient enriched diet to small for gestational age infants was associated with increased blood pressure at 8 years. 44 The mechanisms by which obesity induces hypertension are still not fully understood. Several central and peripheral abnormalities can contribute to the development of hypertension in obesity including endothelial dysfunction, activation of the rennin-angiotensin system and sympathetic nervous system (SNS). 45 In humans, SNS activity is increased with obesity, 46, 47 and high-caloric intake in rats can increase SNS activity, increasing norepinephrine turnover in peripheral tissues and elevating blood pressure. 48 Elevated leptin may contribute to increased SNS activity as leptin acts in the ventromedial and dorsomedial hypothalamus to increase renal sympathetic activity and blood pressure. 49 Leptin is positively correlated with fat mass. 23, 24 In this study, leptin was elevated in the plasma of CD-fed rats, however rats from ULs had a blunted increase in plasma leptin at 4 and 8 weeks of age suggesting that their fat accumulation may have been slower than control animals fed CD. The expression of leptin mRNA in RpWAT was not altered in rats consuming CD, indicating that the increased production of leptin may be due to the increased size of the tissue. Plasma insulin levels were elevated in pups from ULs compared with control during a period of rapid growth at 4 weeks of age, regardless of diet after weaning. This may be associated with a short-term increase in food consumption relative to previous food availability as no difference in food intake was observed between litter groups at 4 weeks of age (data not shown). By 15 weeks of age, there was no longer any significant difference in plasma insulin between litter groups; however, the CD significantly elevated plasma insulin levels, as previously observed in both humans 50 and rodents. 33 Thus, undernutrition only during suckling led to early changes in two critical adiposity signals, leptin and insulin, that are known to influence the development of hypothalamic appetite regulating circuits. An interesting finding of this study is the increased plasma adiponectin in previously undernourished rats, independent of their after weaning diet. CD-fed rats had elevated plasma adiponectin at 15 weeks regardless of nutrition in early life. This is in line with previous studies in Sprague-Dawley rats, 51 and mice where circulating adiponectin levels increased following 10 weeks of a high-fat diet (HFD), before decreasing after 18 weeks of HFD consumption. 52 Hence, although plasma levels of adiponectin have been reported to be significantly reduced in rodents and humans with established obesity/ diabetes, 17, 20 this may depend on the duration of disease.
In conclusion, this study provides direct evidence for an important role of early nutrition on body weight and metabolic regulators. Reduced access to food during suckling led to an elevation in the insulin-sensitizing hormone adiponectin and the expression of AdipoR1, CPT-1, COX4 and PPARa in skeletal muscle. This suggests early undernourishment enhances insulin sensitivity and fatty-acid oxidation even in animals currently consuming CD. The idea that reducing early postnatal nutrition may have potential beneficial consequences for long-term health needs further investigation. Early undernutrition elevates plasma adiponectin LJ Prior et al
